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DEVELOPMENT OF SILOXANE-CONTAINING EPOXY POLYMERS 
FOR ELECTRICAL CIRCUIT EMBEDMENT APPLICATIONS 

By William 3. Patterson 

George C. Marshall Space Flight Center 
Huntsville, Alabama 

ABSTRACT 

This report describes the synthesis of seven epoxy polymer precursors 
which contain the siloxane linkage in varying structural arrangements , 
and the polymerization of these materials with aromatic diamines. The 
polymers prepared from such intermediates have utility as embedment 
compounds for electrical circuits. Seven epoxy intermediates were pre- 
pared , characterized , and subsequently polymerized into solid , thermo- 
setting materials for which dielectric property data were obtained. 
Dielectric constants as low as 3 . 1  at one kilocycle were measured for 
polymers prepa'red from polymerization of 1,9-bis(p-(2,3-epoxypropyl)phenyl> 
decamethylpentasiloxane with 1,4-bis(~-aminophenoxy)tetramethyldisiloxaney 
whereas polymers derived from 1,4-bis((~-(2,3-epoxypropyl)phenyldimethyl- 
si1oxy)dimethylsilyl)benzene and the same diamine were characterized by 
slightly higher dielectric constants and a high degree of toughness. 
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TECHNICAL MEMORANDUM X- 53698 

DEVELOPMENT OF SILOXANE-CONTAINING EPOXY POLYMERS 
FOR ELECTRICAL CIRCUIT EMBEDMENT APPLICATIONS 

SUMMARY 

A s y n t h e s i s  and development program i s  be ing  d i r e c t e d  toward h igh  
performance embedment of encapsula t ing  compounds f o r  use i n  cordwood 
module c i r c u i t r y  on launch v e h i c l e s .  This  r e p o r t  d e s c r i b e s  the  develop- 
ment of seven s i loxane -con ta in ing  epoxy r e s i n  p recu r so r s  and subsequent 
po lymer iza t ion  of these  p recu r so r s  i n t o  the rmose t t ing ,  u s e f u l  embedment 
compounds, The inco rpora t ion  of success ive ly  longer  polys i loxane  
m o i e t i e s  w i t h i n  these  epoxy in te rmedia tes  was found t o  improve d i e l e c t r i c  
p r o p e r t i e s  of the r e s u l t i n g  polymers. Various s t r u c t u r a l  mod i f i ca t ions  
were r ep resen ted  by t h i s  s e r i e s  of epoxides i n  o rde r  t o  o b t a i n  the 
optimum balance  of f l e x i b i l i t y  and e l e c t r i c a l  p r o p e r t i e s  r equ i r ed  i n  
the embedment a p p l i c a t i o n .  

S e v e r a l  s i l oxane -con ta in ing  diamines were prepared a s  polymer iza t ion  
agen t s  f o r  the  epoxides .  These amines demonstrated,  by v i r t u e  of the 
s i l o x a n e  groups,  increased  compa t ib i l i t y  with the s i loxane-epoxides  so  
t h a t  homogeneous s o l u t i o n s  of the amine i n  the epoxide were formed under 
c o n d i t i o n s  where the  use of convent iona l  o rgan ic ,  a romat ic  amines 
r e s u l t e d  i n  heterogeneous mix tu res .  

P i e l e c t r i c  proper ty  d a t a  were obtained from polymers r e s u l t i n g  from 
t e n  fo rmula t ions  of the epoxides .  The b e s t  d i e l e c t r i c  p r o p e r t i e s  were 
ob ta ined  from a polymer formed from 1,9-bis(p(2,3-epoxypropyl)phenyl)- 
decamethylpentasi loxane (XX), which had a d i e l e c t r i c  c o n s t a n t  and 
d i s s i p a t i o n  f a c t o r  of 3.1 and 0.01, r e s p e c t i v e l y .  This  polymer was 
ve ry  f l e x i b l e  a t  25OC and s t i f f  b u t  n o n - b r i t t l e  a t  -75OC. However, the 
t e n s i l e  s t r e n g t h  and toughness of  these polymers appeared t o  decrease  
a s  a f u n c t i o n  of i n c r e a s i n g  s i loxane  con ten t .  The polymer formed from 
1,4-bis((~-(2,3-epoxypropyl)phenyldimethylsiloxy)dimethylsilyl)benzene 
(XXII) was considered t o  have the  optimum combination of toughness ,  
f l e x i b i l i t y  and d i e l e c t r i c  p r o p e r t i e s  f o r  the embedment a p p l i c a t i o n ,  

INTRODUCTION 

The development of improved polymeric m a t e r i a l s  f o r  the  embedment 
of  e lec t iconic  c i r c u i t r y  of t he  cordwood module type h a s  been the b a s i s  
of a con t inu ing  program. This  r e p o r t  d e s c r i b e s  the s y n t h e s i s  and 



polymerizat ion o f  a s e r i e s  of s i loxane-conta in ing  epoxy i n t e r m e d i a t e s ,  
and e v a l u a t i o n  of  the polymers der ived  from them, The scope of t h e  
s y n t h e t i c  approach h a s  been t o  prepare d i -  o r  t r i f u n c t i o n a l  polymer 
p r e c u r s o r s  which polymerize with diamines i n t o  c r o s s l i n k e d  thermose t t ing  
products .  
z a t i o n  o f  the d i f u n c t i o n a l  monomer t o  a l i q u i d  prepolymer which would 
then  be c ross l inked  t o  a s o l i d  r e s i n .  This  in t roduces  i n h e r e n t  problems 
of c o n t r o l l i n g  t h e  degree of po lymer iza t ion  of t he  prepolymer t o  re-  
producibly o b t a i n  t h e  requi red  epoxide f u n c t i o n a l i t y .  P u r i f i c a t i o n  of 
t he  prepolymer i s  a l s o  much more d i f f i c u l t  than  i n  the  p r e c u r s o r  form. 
Thus, i n  the i n t e r e s t  of producing polymers whose s t r u c t u r e s  were 
p r e d i c t a b l e  i n  terms of f u n c t i o n a l i t y ,  which appeared d e s i r a b l e  t o  
minimize d i e l e c t r i c  breakdown, outgass ing  , and s t r u c t u r a l  f a i l u r e  , the  
concept  of t h e  polymer precursor  h a s  been u t i l i z e d .  

The a l t e r n a t i v e  procedure would involve a p a r t i a l  polymeri-  

The h i s t o r i c a l  development of polymerizable s i loxane-conta in ing  
epoxides  has r e c e n t l y  been reviewed by Bilow, e t ,  al.. ( r e f .  1) i n  
some d e t a i l .  The work c i t e d  by t h i s  r e f e r e n c e  concerned the  i n v e s t i -  
g a t i o n  of po lyfunct iona l  epoxides c o n t a i n i n g  the  s i l o x a n e  l inkage  i n  
v a r i o u s  s t r u c t u r a l  forms. Thus, polymerizable  epoxides c o n t a i n i n g  
the d i s i l o x a n e  l inkage  have been repor ted  a s  c h a r a c t e r i z a b l e  compounds, 
and the  p r e p a r a t i o n  of v a r i o u s  s t r u c t u r a l  homologs of  t h e s e  compounds 
h a s  been attempted v i a  cohydrolys is  r e a c t i o n s  involv ing  t h e  ethoxy- 
s i l a n e  group. 

The d i s i l o x a n e  l inkage  appears  t o  c o n t r i b u t e  t o  d i e l e c t r i c a l l y  
a t t r a c t i v e  p r o p e r t i e s  when incorpora ted  i n  c r o s s l i n k e d  epoxy polymers. 
It became of i n t e r e s t  t o  a s s e s s  the e f f e c t  of  i n c r e a s i n g  t h e  s i l o x a n e  
c h a i n  length  i n  b o t h  l i n e a r  and branched s t r u c t u r e s  on the e l e c t r i c a l  
p r o p e r t i e s  of  the r e s u l t i n g  polymers, and t o  determine q u a l i t a t i v e l y  
the phys ica l  and mechanical p r o p e r t i e s  of t h e s e  polymers. '  

Thus, the c u r r e n t  s tudy  concerns the  p r e p a r a t i o n  of seven a n a l y t i c a l l y  
c h a r a c t e r i z a b l e  epoxides  v i a  the f a c i l e  s i l a n o  1-aminos i l ane  condensat ion.  
These polymer p r e c u r s o r s  were subsequent ly  polymerized w i t h  amines i n t o  
s t a b l e ,  thermose t t ing  m a t e r i a l s .  D i e l e c t r i c  p r o p e r t y  d a t a  have been 
obta ined  f o r  t h e  polymers i n  an e f f o r t  t o  determine the e f f e c t s  o f  
s t r u c t u r a l  v a r i a t i o n s  on t h e s e  p r o p e r t i e s .  

DISCUSS ION 

Formation of Polymer I n t e r m e d i a t e s  

The r e a c t i o n  schemes followed t o  prepare  f i v e  of the seven d e s i r e d  
epoxides  u t i l i z e d  p-allylphenyldimethylchlorosilane (I) a s  a common 
s t a r t i n g  compound. 
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CH3 

CH3 

C&=CHC&- , Si-OH Q: 
ct5 

(2)  NaOH,ROH 

(3)  +O,AcOH 

(I) was prepared by the  method of Bilow, e t . a l .  ( r e f .  1) by condensat ion 
of t he  gr ignard  reagent  of p-allylbromobenzene wi th  d imethyld ich loro-  
s i l a n e .  Compound (I) was hydrolyzed through a m u l t i s t e p  procedure 
invo lv ing  the  sodium s i l a n o l a t e  t o  y i e l d  E-allylphenyldimethylsilanol 
(11). Attempts t o  conver t  (I) t o  (11) by a one-step b a s i c  h y d r o l y s i s  
w i t h  sodium hydroxide were unsuccessfu l ,  r e s u l t i n g  i n v a r i a b l y  i n  the 
format ion  of  t he  dimer,  1,3-bis(~-allylphenyl)tetramethyldisiloxane. 
This  was somediat  s u r p r i s i n g  i n  view of the f a c i l e  convers ion  of 1 , 4 -  
bis(chlorodimethylsily1)benzene t o  t he  corresponding d i s i i a n o i ,  1,4-  
b i s  (hydroxydimethylsily1)benzene (X) which was prepared by the  one-step 
method ( r e f .  2 ) .  Apparent ly  the  in t e rmed ia t e  (11) more r e a d i l y  forms 
the  s i l a n o l a t e  i on  through the inf luence  of t he  E - a l l y l  group. Compound 
(11) was s u c c e s s f u l l y  prepared by formation of the  sodium s a l t  and 
subsequent  ac id  h y d r o l y s i s  a f t e r  the method of Hyde ( r e f .  3 ) .  This  
compound can be d i s t i l l e d  i n  t h e  absence of ac id  o r  base t o  y i e l d  an 
a n a l y t i c a l l y  pure sample. 

The i n f r a r e d  spectrum of (11) i s  shown i n  f i g u r e  1. The i n t e n s e  
s i l a n o l  hydroxyl s t r e t c h  i s  noted a t  3300 cm-1. 
1260 cm-1 and 1120 cm-1, a r e  gene ra l ly  a t t r i b u t e d  t o  s i l i con-methyl  and 
s i l i con -pheny l  v i b r a t i o n s ,  r e s p e c t i v e l y .  

The s t r o n g  peaks a t  

2-Allylphenyldimethylaminodimethylsilane (111) was prepared by 
d i r e c t  t rea tment  of (I) wi th  anhydrous dimethylamine i n  the co ld .  The 
aminos i lanes  prepared i n  t h i s  study were h igh ly  mois ture  s e n s i t i v e  , 
due t o  the ease  of h y d r o l y s i s  of the S i -N  bond and the tendency t o  form 
t h e  more s t a b l e  s i l oxane  bond. F a i n t  white  p r e c i p i t a t e s  tend t o  form 
i n  the aminosi lanes  u n l e s s  a very d ry  atmosphere i s  maintained.  
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The six remaining aminosilanes, bis (dime thy1amino)dime thylsilane 
(IV) , lY3-bis(dimethylamino) tetramethyldisiloxane (V) , lY5-bis(dimethyl- 
amino)hexame thyltrisiloxane (VI), tris(dime thy1amino)me thylsilane (VII) , 
vinyldime thylaminodime thylsilane (VII) , and dime thylaminodime thylsilane 
(IX) were prepared by aminolysis of the correspondin2 chlorides following 
the method for compound (111). 

N - Si - 0 - Si - N 
/ I  I \ 

cH3 ct5 cH3 ct5 

cH3 CH3 

N - Si - CH=CH2 

cH3 CH3 

N - S i - H  
/ I 

cH3 c*ki 

The (CI-b)2N-Si structure in compounds (111-IX) is characterized 
by intense infrared absorption at 930-1000 crn'l, as indicated in figures 
2-8. The characteristic broad Si-0-Si absorption, which is unique 
within this series to compounds (V) and (VI), is observed at 1070-1100 
em'' in figures 4 and 5. The characteristic Si-13 absorption exhibited 
by compound (IX) is observed at 2140 cm-l in figure 8. 
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Aminosilane-Silanol Condensations 

The dimethylaminosilane derivatives were preferred for this condensation 
reaction over the corresponding monomethylaminosilanes due to their relative 
stability. The monomethyl compounds have a higher tendency to homopoly- 
merize with evolution of methylamine. Also, according to Pike (ref. 4), 
the dialkylaminosilanes condense at a faster rate with silanols than 
do the monoalkylaminosilanes. Apparently the increased basicity of the 
dialkylaminosilanes more than compensates for the additional steric 
hindrance introduced by the second methyl group. Thus, the facile 
condensation of aminosilane with silanol has been utilized to prepare 
the compounds 1,5-bis(~-allylphenyl)hexamethyltrisiloxane (XI), 1,7-bis- 
(E-allylpheny1)octamethyltetrasiloxane (XII), 1,9-bis(E-allylphenyl)- 
decamethylpentasiloxane (XIII), tris(E-allylphenyldimethy1siloxy)methyl- 
silane (XIV), 1,4-bis((~-allylphenyldimethylsiloxy)di~ethylsilyl)benzene 
(XV)  , 1,4-bis ((vinyldime thylsi1oxy)dime thylsily1)benzene (XVI) , and 
1,4-bis ((lime thylsi1oxy)dime thylsi1yl)benzene (XVII) . 

Compounds (XI), (XII) , (XIII), and (XIV) were prepared directly 
from silanol (11) and the appropriate aminosilane, as indicated in the 
reaction sequences below: 

(11) + aminosilane (IV) 

CIS CIS 

(11) + aminosilane (V) C&=CHC& -o( i- 0) - i - a C H 2  CH=C% 

cH3 C% 
3 
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(XIII) 

S i-0- S i-wC% CH=C% 
--3 I I 

(11) + aminosilane (VII) 

The remaining intermediates (XV) , (XVI) , and (XVII) , were prepared 
with 1,4-bis(hydroxydimethylsilyl)benzene (X) as a common precursor: 
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CES ct5 C% CH, 

(X) + aminosilane (VIII) __3 C&=CH-Si-O-Si- ' I @i-O-Ji-CH=C& I ' I I 

H-S i - 0-S i -(& i - 0- Si -H 
- 1  I I 

(X) + aminosilane (IX) 

The complete disappearance of the silanol and silicon-nitrogen 
infrared absorptions at 3300 cm'l and 990 cm'l, respectively, and 
subsequent predominance of the intense open chain Si-0-Si vibration 
at 1050-1100 cm-1 is observed in figures 10-16. Compound (XVII), which 
is the only one of the above series not terminating in an olefinic group, 
retains the reactive silicon hydride group following the silanol-amino- 
silane condensation as evidenced by the intense absorption at 2140 cm-l 
in figure 16. 

The addition sequence utilized in formation of compounds (XI) through 
(XIV) affected the yields to a small extent. The conventional sequence 
would involve addition of the appropriate polyfunctional aminosilanes 
to the monofunctional diol (11). To assess the extent of undesirable 
silanol dehydration in the conventional addition sequence, compound (11) 
was refluxed in methylene chloride with and without the addition of 
catalytic amounts of aminosilane (IV). An amount of water equivalent 
to approximately 10 percent dehydration was recovered in a Dean-Stark 
trap from the aminosilane-catalyzed silanol solution, whereas no water 
was recovered from the silanol solution which had not been treated with 
aminosilane. This observation was also borne out in the yields of 
compounds (XI) through (XIV), which were 5 to 10 percent higher for 
the addition sequence of silanol to aminosilane. This sequence was 
utilized as the normal procedure for preparation of compounds (XV) 
through (XVII) . In these cases, the si-lanol, 1,4-bis (hydroxydime thyl- 
sily1)benzene (X), served as the difunctional monomer and the aminosiiane 
was monofunctional. 
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Previous preparative studies (ref. 1) of compounds (XI), (XIV) , 
and (XV) involved cohydrolysis reactions of the ethoxy-silane group 
which resulted in formation of the desired structures plus other 
condensation products having both lower and higher degrees of polymeri- 
zation of the siloxane moiety. In the present work, condensations of 
silanol and aminosilane were effected in the melt or in a solvent, with 
low boiling dimethylamine as the only major by product. 
these condensations was followed by neutralization of the evolved amine 
with standard acid, and in each case the condensations appeared to 
proceed to within 90-95 percent of the theoretical value. 

The course of 

Epoxidations 

The series of epoxides prepared from compounds (XI) through (XVII) 
reflects the various procedures investigated in order to efficiently 
incorporate the oxirane ring in terminal positions on these compounds. 
Compounds (XI) through (XVI) were converted to the corresponding epoxides, 
1,5-bis(~-(2,3-epoxypropyl)phenyl)hexamethyltrisiloxene (XVIII), 
1,7-bis (E- (2,3-epoxypropyl)phenyl)octamethyltetrasiloxane (XIX) , 
1,9-bis(~-(2,3-epoxypropyl)phenyl)decame thylpentasiloxane (XX) , 
methyltris(~-(2,3-epoxypropyl)phenyldimethylsiloxy)silane (XXI), 
1,4-bis((~-(2,3-epoxypropyl)phenyldimethylsiloxy)dimethylsilyl)benzene 
(XXII), and 1,4-bis((epoxyethyldimethylsiloxy)dimethylsilyl)benzene 
(XXIII), respectively, by modifications of the trifluoroperacet'ic acid 
epoxidizing technique (ref. 5) : 

(XV I I I) 
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CH,  cH3 

C S C H C S  \ Si-0-Si-0-Si 
\ I  VI I I 

0 

C H ,  CHCH, 0 i i -0- i 0 { i - 0 - i -@b CHC% 
\ I  \ I  

C H ,  - c H - s i - 0 - s  i 
\ I  I I 

(XXIII) 
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Epoxidat ion of  the  t e rmina l  double bonds i n  these  compounds proceeded 
q u i t e  r e a d i l y  wi th  the  perac id .  
optimum r e a c t i o n  temperature  t o  form ( X V I I I )  through(XXI1) was 3O-4O0C 
wi th  only  a moderate excess  of sodium carbonate  a s  scavenger f o r  t h e  
l i b e r a t e d  t r i f l u o r o a c e t i c  a c i d ,  whereas (XXIII) formed e f f i c i e n t l y  
a t  0-5OC in the  presence of  a l a r g e  excess of potassium ca rbona te ,  These 
temperatures  r e p r e s e n t  the  c o n d i t i o n s  under which the  r e s p e c t i v e  epoxides  
a r e  formed with a minimum of t r i f l u o r o a c e t a t e  contaminat ion,  which can 
form i n  the  fol lowing fash ion:  

It i s  of i n t e r e s t  t o  no te  t h a t  t h e  

0 0 
II II 

-CHC% + CF3C-OH > -,CHCI-bO-C-CF3 
\ /  I 
0 OH 

Although r e a c t i o n  r a t e  s t u d i e s  f o r  e s t e r i f i c a t i o n  w i t h i n  the  two epox ida t ion  
procedures  have n o t  been performed, it i s  e v i d e n t  t h a t  t he  epoxides  
prepared from the  a l l y l  d e r i v a t i v e s  s u f f e r  g ross  e s t e r i f i c a t i o n  a t  
t empera tures  where the  epoxide prepared from the  v i n y l  d e r i v a t i v e  s u r v i v e s  
v i r t u a l l y  i n t a c t .  The low temperature  epox ida t ion  c o n d i t i o n s  a r e  somewhat 
more f l e x i b l e  than  those f o r  t h e  h i g h e r  temperature  procedure,  since 
t h e r e  i s  no c r i t i c a l  carbonate  concen t r a t ion .  The y i e l d s  of uncontaminated 
epoxide a r e  higher  i n  the  low temperature  procedure.  

The p repa ra t ion  o f  t he  seventh  epoxide of  the  s e r i e s ,  1 ,4 -b i s ( (3 ,4 -  
epoxybutyldimethylsi1oxy)dimethylsilyl)benzene (XXIV),  involved the  
a d d i t i o n  r e a c t i o n  of  a s i l i c o n  hydr ide  wi th  a t e rmina l  double  bond: 

I I Q-$I-O-Si-H I 
H- S i -0 - S i 

I I 

CH,  =CHCHCH, I \ J  



This  r e a c t i o n  proceeded smoothly w i t h a  n o t i c e a b l e  exotherm i n  the presence 
of c h l o r o p l a t i n i c  a c i d  c a t a l y s t  a t  70-75°C. 
the c o n d i t i o n s  f o r  t h i s  r e a c t i o n ,  an a p p a r e n t  th reshhold  r e a c t i o n  temper- 
a t u r e  was observed a t  60-70°C. 
t o  o l e f i n  could be c a r r i e d  o u t  below 6OoC w i t h o u t  observing evidence o f  
r e a c t i o n .  Then, a s  t he  temperature was i n c r e a s e d  t o  70-75OCY t h e  r e a c t i o n  
mixture c o n t a i n i n g  the  e n t i r e  charge o f  s i l i c o n  hydride became v i o l e n t l y  
exothermic and r e s u l t e d  i n  d i s c o l o r a t i o n  of t he  products .  

During a t t e m p t s  t o  opt imize 

The e n t i r e  a d d i t i o n  of s i l i c o n  hydr ide  

The e x t e n t  of  r e a c t i o n  occurr ing  a f t e r  t h e  dropwise a d d i t i o n  of 
t he  s i l i c o n  hydr ide  a t  70-75°C was determined by the  disappearance of 

w i t h i n  one-half  hour  a f t e r  t he  a d d i t i o n  was complete.  The a d d i t i o n  
product ,  compound (XXIV), was obtained i n  crude form i n  85-90 p e r c e n t  
y i e  I d .  

the Si-H a b s o r p t i o n  peak a t  2100-2200 cm- 1 . This  peak normally disappeared 

The i n f r a r e d  s p e c t r a  of compounds (XVII) through (XXII) i n d i  a t e d  
the presence of t he  epoxy r i n g  by weak a b s o r p t i o n s  a t  930-960 cm and 
740-760 c m - 1  i n .  f i g u r e s  17 through 21 .  Compound (XXIII), having the  
epoxy group a d j a c e n t  t o  a s i l i c o n  atom, was c h a r a c t e r i z e d  by a moderate 
i n f r a r e d  a b s o r p t i o n  a t  890 c m - 1  and a weaker a b s o r p t i o n  a t  1325 c m - l  
i n  f i g u r e  22. These bonds become apparent  on comparison of  epoxide 
(XXIII) w i t h  i t s  d i v i n y l  precursor  (XVI) i n  f i g u r e  15. A probable  a s s i g n -  
ment f o r  t h e  epoxy group i n  compound (XXIV) i s  the  weak a b s o r p t i o n  a t  
91.0 c m - 1 .  

- €  

I n f r a r e d  assignments  f o r  epoxy-containing o r g a n o s i l i c o n  compounds 
must,  i n  g e n e r a l ,  be made on the s t r e n g t h  of t h e  moderate o r  weak bands,  
because the  c h a r a c t e r i s t i c  epoxy bands a t  1250-1260 cm" a r e  of t e n  
obscured by t h e  more i n t e n s e  s i l i c o n - a l k y l  a b s o r p t i o n s .  

Cur ing Lgen t s 

A ser ies  of  amine c u r i n g  agents  was prepared s p e c i f i c a l l y  f o r  
i n v e s t i g a t i o n  a s  c u r i n g  agents  when i t  was observed t h a t  more common 
amines were incompatible  w i t h  the  s i l o x a n e - c o n t a i n i n g  epoxide prepolymers.  
Diamines c o n t a i n i n g  s i loxane  l inkages  were prepared by way of  an amino- 
s i l a n e - p h e n o l  condensat ion:  

11 



The aminosi lanes  ( I V ) ,  (V), and (VI),  d i scussed  previous ly  under the 
s e c t i o n  on polymer i n t e r m e d i a t e s ,  were u t i l i z e d  d i r e c t l y  i n  the  condensat ion 
w i t h  E-aminophenol. 
si loxane-amines,  b i s  (2-aminophenoxy)dimethylsilane (XXV) , ( r e f .  6), 1,3-b is -  
(E-aminophenoxy)tetrarnethyldisiloxane (XXVI)  and 1,5-bis(~-aminophenoxy)- 
hexamethyl t r i s i loxane  (XXVII), were prepared by t h i s  method f o r  polymerizat ion 
w i t h  the  s i loxane-epoxides  descr ibed  i n  the previous s e c t i o n .  The l i q u i d  
s t a t e  of  (XXVI) and (XXVII) i n  a d d i t i o n  t o  s i loxane  c o n t e n t  g r e a t l y  f a c i l i -  
t a t e d  t h e i r  formulat ion wi th  the  s i loxane-epoxides .  The increased  s o l u b i l i t y  
of  t hese  si loxane-amines i n  the  epoxides  was demonstrated by t h e  f a c t  t h a t  
m-phenylenediamine was completely i n s o l u b l e  i n  compound (XXIV) a t  100°C 
Ehereas  compound (XXVI) formed a t r u e  s o l u t i o n  wi th  (XXIV) a t  room tempera- 
t u r e .  
amines l i e s  i n  the d i e l e c t r i c  p r o p e r t i e s  of  polymers prepared w i t h  t h e s e  
compounds. The increased  s i l o x a n e  c o n c e n t r a t i o n  a long  the  polymer c h a i n  
served t o  reduce the o v e r a l l  p o l a r i t y  o f  t h e  polymer, r e s u l t i n g  i n  lower 
d i e l e c t r i c  l o s s e s .  

The phenol was sublimed p r i o r  t o  the  r e a c t i o n .  Three 

An a d d i t i o n a l  advantage t o  be gained i n  u t i l i z i n g  t h e  s i loxane-modif ied 

Polymerizat ions 

Epoxides (XVIII) through ('WIV), except  (XXIII), were each polymerized 
wi th  f r e s h l y  prepared s i loxane-diamines a t  100°C u n t i l  s o l i d ,  thermose t t ing  
polymers v e r e  formed. One mole-e iu iva len t  of diepoxide was polymerized w i t h  
0.95 mole-equivalent of diamine, wi th  t h e  except ion  of t he  t r i f u n c t i o n a l  
epoxide (XXI), i n  which case one mole-equivalent of  epoxide was polymerized 
w i t h  1.4.2 mole-equivalents  of  diamine. The polymer iza t ion  c o n d i t i o n s  f o r  
t h e  v a r i o u s  epoxides a r e  summarized i n  Table I. The epoxides  ( X V I I I )  through 
(XXII) polymerized q u i t e  r e a d i l y  a t  100°C w i t h  the  d i s i l o x a n e  diamine (XXVI) 
t o  form tough thermose t t ing  m a t e r i a l s .  The f l e x i b i l i t y  of t h e s e  polymers 
was, i n  g e n e r a l ,  p r o p o r t i o n a l  t o  t h e  l e n g t h  of t h e  s i l o x a n e  m o i e t i e s  p r e s e n t  
i n  the  polymer backbone, a s  evidenced i n  Table I ,  formula t ions  1-3. The 
t r i f u n c t i o n a l i t y  of compound (XXI) c o n t r i b u t e d  t o  a s i g n i f i c a n t l y  h i g h e r  
c r o s s l i n k  d e n s i t y  and g r e a t e r  toughness i n  t h e  cured polymer ( formula t ion  4 ) .  
The r e a c t i v i t y  of  the epoxy group i n  compounds (XXIII) and (XXIV) toward 
the a romat ic  amine v a s  s i g n i f i c a n t l y  1o:Jer than  i n  t h e  compounds j u s t  
d i s c u s s e d .  Compound (XXIV) polymerized s l u g g i s h l y  a t  100°C and (XXIII) 
would n o t  polymerize t o  a thermose t t ing  s o l i d  a t  th i s  temperature  w i t h o u t  
s u b s t i t u t i n g  a more r e a c t i v e  a l i p h a t i c  amine. For comparative purposes  
a commercial diepoxide (Dig lyc idyl  e t h e r  of  bisphenol-A, Epon X-24, S h e l l  
Chemical Company) was polymerized under t h e s e  c o n d i t i o n s  t o  y i e l d  a s o l i d  
product  a f t e r  four  hours .  Thus, a g e n e r a l  r e a c t i v i t y  sequence i s  i n d i c a t e d  
f o r  polymerizat ion with aromatic  amine a t  100°C: 

- ( CHz ) 3 -0- C1-12 CHC& ) Q-CH2CHCH2 ) -Si-CH2C%CH\Cf4! ) -Si-CHC& 
I " 

0 0 
\ I  I 

'0' 0 

This  sugges ts  t h a t  t he  s i l i c o n  atom d e c r e a s e s  t h e  s u s c e p t i b i l i t y  of 
t h e  primary carbon atom t o  n u c l e o p h i l i c  a t t a c k  by t h e  amine. 
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Formulations 1 through 11 were polymerized i n  the  form of c a s t i n g s  
from which two-inch d iameter ,  1/16-inch t h i c k  d i e l e c t r i c  t e s t  specimens 
were f a b r i c a t e d .  
and a frequency of one k i l o c y c l e .  These r e s u l t s  a r e  g iven  i n  Table 11: 

The d i e l e c t r i c  measurements were performed a t  25'C 

TABLE 11.- D i e l e c t r i c  Data f o r  Epoxy-Siloxane Polymers 

Formulation D i e l e c t r i c  Constant  D i s s i p a t i o n  Fac to r  

1 3.2 0.03 

2 3.2 0.025 

3 3 .1  0.010 

4 3.4 0.025 

5 3.2 0.02 

6 4.5 0.05 

7 3.. 8 0.03 

8 3.4 0.025 

9 3.5 0.02 

10 3.2 0.04 

11* 3.3 0.01 

* Polymer formed from 1,3-bFs(~(2,3-epoxypropyl)phenyl) t e t r a -  
me thy ld i s i loxane  ( r e f .  1 )  and compound (XXVI) . 

Comparative d a t a  have been presented  f o r  the  polymer formed from the  
d i s i l o x a n e  homolog of t h i s  s e r i e s  ( r e f .  1). A l l  polymer specimens 
f o r  which the d a t a  i n  Table I1 were obta ined  were polymerized,  f a b r i -  
c a t e d ,  and t e s t e d  under c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  so t h a t  s u b t l e  
d i f f e r e n c e s  i n  d i e l e c t r i c  va lues  between fo rmula t ions  would be more 
meaningful .  
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EXPERIMENTAL 

The s t a r t i n g  s i l a n e  compounds were obta ined  from Pen insu la r  
ChemResearch, G a i n e s v i l l e ,  F l o r i d a ,  and were r e d i s t i l l e d  p r i o r  t o  use .  
The i n f r a r e d  s p e c t r a  from smears of t h e  products  were recorded i n  the  
2.5-15.0 A r eg ion  wi th  a Perkin-Elmer model 137 double beam spec t ro -  
photometer equipped wi th  sodium ch lo r ide  o p t i c s .  
were determined i n  benzene wi th  a 37OC, probe w i t h  a Mechrolab model 
302 vapor p re s su re  osmometer. Molecular d i s t i l l a t i o n s  were performed 
wi th  a Nester-Faust  semi-micro molecular s . t i l l .  The epoxide e q u i v a l e n t  
weights  were determined by t i t r a t i o n  w i t h  hydrogen bromide i n  a c e t i c  
a c i d .  

Molecular weights  

P r e p a r a t i o n  of ~-A1lyldimethylchlorosilane (I) 

Compound (I) was prepared by the condensa t ion  of d imethyld ich loro-  
s i l a n e  w i t h  the  Grignard r eagen t  of E-allylbromobenzene, a f t e r  the  
method of Bilow, e t . a l .  ( r e f .  1). The pa le  yel low o i l  was recovered 
i n  40 p e r c e n t  y i e l d ,  b o i l i n g  po in t  70-71°C/0.8 t o r r ,  l i t e r a t u r e  b o i l i n g  
p o i n t  102-103°C/5 t o r r ,  ( r e f .  1). Routine e lementa l  ana lyses  were 
u n s a t i s f a c t o r y  f o r  compound (I) because of  i t s  s e n s i t i v i t y  t o  mois ture .  
End group de te rmina t ion  of i on izab le  c h l o r i d e  was performed. 

Analyses Calcu la ted  f o r  CgH15ClSi: S i ,  16.8%. Found: S i ,  16.84%. 

P r e p a r a t i o n  of E-Allylphenyldimethylsilanol (11) 

I n i t i a l  a t t empt s  t o  prepare  (11) by d i r e c t  hydro lys i s  w i t h  a mixture  
of w a t e r ,  ammonium hydroxide,  and e t h e r  under v a r i o u s  cond i t ions  were 
unsuccess fu l  and r e s u l t e d  i n  predominant formation of the  dimer,  
1,3-bis(p-allylphenyl)tetramethyldisiloxane. Compound (11) was success-  
f u l l y  prepared by f i r s t  adding 10 grams (0.0476 mole) of  (I) w i t h  r a p i d  
s t i r r i n g  t o  a mixture  c o n s i s t i n g  of a ten-mole excess  of 10 pe rcen t  
aqueous sodium bicarbonate  and 280 m l .  of  e t h e r .  The dimer,  1 ,3-b is -  
(E-a l ly lphenyl )  t e  trame thy ld i s i loxane  , was recovered i n  95 pe rcen t  y i e l d  
i n  c rude  form. The product  was d i s t i l l e d  a t  135-14O0C/O.02 t o r r ,  
l i t e r a t u r e  b o i l i n g  p o i n t  130-14O0C/O.01 t o r r  ( r e f .  1). The dimer,  
10 grams, 0.0273 mole, was added dropwise t o  a s t i r r e d  s o l u t i o n  of 
2.2 grams, 0.055 mole of  sodium hydroxide i n  20.8 m l .  anhydrous methanol 
and 45.5 m l ,  anhydrous isopropanol  a t  40-50°C according t o  the  procedure 
of Hyde ( r e f .  3 ) .  Following the  a d d i t i o n ,  t h e  mixture  was heated t o  
1 1 ‘ 0 ”  A 2 arid concent ra ted  t o  a t h i c k  s l u r r y .  The p r e c i p i t a t i n g  s o l i d  was 
r e d i s s o l v e d  i n  methanol w i th  hea t ing  and evacuated on a water  a s p i r a t o r  
a t  14OOC. This  was repea ted  twice more. The sodium p-al lylphenyldimethyl-  
s i l a n o l a t e  t hus  prepared was s l u r r i e d  w i t h  e t h e r  and added s lowly t o  a 
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s t i r r e d  mixture of 8.1 ml. a c e t i c  a c i d ,  104 ml. e t h e r ,  and 208 ml. water  
which was maintained a t  0-5OC. 
t o  n e u t r a l i t y  wi th  cold %O, and d r i e d  over  anhydrous magnesium s u l f a t e .  
The r e s i d u e  was d i s t i l l e d  a t  83-85OC/O.15 t o r r  i n  85 pe rcen t  y i e l d .  

The e t h e r  phase was recovered,  washed 
i 

Analyses Calcu la ted  f o r  C11H16OSi: C,  68.7%; H, 8.3%; Si, 14.6%. 
Found: C ,  68.59%; H, 9.18%; S i a  15.12%. 

Molecular Weight Calcu la ted :  192. Found: 212 (determined in 
benzene by vapor p re s su re  osmometry) .' 

Prepa ra t ion  of 2-Allylphenyldimethylaminodimethylsilane (111) 

Compound (I), 10 grams, 0.0476 mole, was added dropwise t o  a s t i r r e d  
s o l u t i o n  of excess anhydrous dimethylamine i n  e t h e r  which was maintained 
a t  O O C .  The mixture was s t i r r e d  f o r  one hour fol lowing the  a d d i t i o n ,  
du r ing  which time t h e  r e a c t i o n  temperature  was allowed t o  r e t u r n  t o  25OC. 
The mixture  was f i l t e r e d  t o  remove the amine hydrochlor ide ,  and compound 
(111) was recovered i n  89 pe rcen t  y i e l d  a s  a c o l o r l e s s  o i l ,  b o i l i n g  p o i n t  
82-85*C/0.25 t o r r .  

Analyses Calcu la ted  f o r  C13H21NSi: S i ,  12.8%; N ,  6.38% 
Found: S i ,  12.63%; N,  6.0%. 

P repa ra t ion  of Bis(dimethy1amino)dimethylsilane (IV) 

F r e s h l y  d i s t i l l e d  d ime thy ld ich lo ros i l ane ,  50 grams, 0.39 mole, 
was added dropwise t o  a s t i r r e d  s o l u t i o n  of excess  anhydrous dimethyl-  
amine i n  e t h e r  which \ ;as  maintained a t  O O C .  React ion c o n d i t i o n s  and 
workup were s i m i l a r  t o  those desc r ibed  f o r  compound (111). The crude 
r e a c t i o n  product was d i s t i l l e d  a t  118OC/760 t o r r  and r ep resen ted  a 
75 percent  y i e ld .  

Analyses Calcu la ted  f o r  C6H18N2Si: N,  19.18%; S i ,  19.18%. 
Found: N ,  18.28%; S i ,  19.45%. 

P repa ra t ion  of 1,3-Bis(dimethylamino)tetramethyldisiloxane (V) 
and 1,5-Bis(dimethylamino)hexamethyltrisiloxane ( V I )  

The p repa ra t ion  of (V) and ( V I )  n e c e s s i t a t e d  the  p r e p a r a t i o n  of 
the r e spec t ive  c h l o r i d e s .  1,3-Dichlorotetramethyldisiloxane and 
1,5-dichlorohexamethyltrisiloxane were prepared by the  method of  
Breed e t . a l .  
p o i n t  136-138OC/760 t o r r ,  l i t e r a t u r e  b o i l i n g  p o i n t  4loC/20 t o r r  
( r e f .  7 ) ,  whereas a 15 pe rcen t  y i e l d  of t r i s i l o x a n e  was recovered ,  
b o i l i n g  p o i n t  79OC/20 t o r r ,  ( r e f .  7 ) .  1,3-Dichlorotetramethyldi- 
s i loxane ,  50 grams, 0.24 mole) a and 1,5-dichlorohexamethyltrisiloxane, 50 
grams, 0.18 mole, were added i n  s e p a r a t e  o p e r a t i o n s  t o  excess  dimethyl-  
amine, fol lowing the amination procedure desc r ibed  e a r l i e r .  The 
16  
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1,3-b is  (dime thylamino) te t rame thy ld i s i loxane  was recovered i n  SO percen t  
y i e l d  a s  a c o l o r l e s s  o i l ,  b o i l i n g  po in t  55-57'C/5 t o r r ;  the  1 ,5-b is -  
(dimethy1amino)hexamethyltrisiloxane was recovered i n  85 pe rcen t  y i e l d  
a s  a c o l o r l e s s  o i l ,  b o i l i n g  p o i n t  105-106"C/2 t o r r .  

Analyses Calcu la ted  f o r  C8H24N20Si2: S i ,  24.45%; N ,  12.73%. 
Found: S i ,  24.95%; N ,  11.73%. 

Calcu la ted  f o r  C10H30N,@Si,: S i ,  28.57%; N ,  9.52%. Found: S i ,  
28.52%; N ,  8.72%. 

P r e p a r a t i o n  of  Methyl-tris(dimethy1amino) s i l a n e  ( V I I )  

F re sh ly  d i s t i l l e d  m e t h y l t r i c h l o r o s i l a n e ,  50 grams, 0.338 mole, 
was added dropwise t o  a s t i r r e d  s o l u t i o n  of excess  anhydrous dimethyl-  
amine i n  e t h e r ,  fo l lowing  the  prev ious ly  descr ibed  aminat ion procedures .  
The product  was recovered i n  82 percent  y i e l d  a s  a c o l o r l e s s  o i l ,  
b o i l i n g  p o i n t  152-153'C/760 t o r r .  

Analyses Calcu la ted  f o r  C7H21N3Si: N, 24.0%; S i ,  16.0%. 
Found: N,  23.96%; S i ,  16.55%. 

P r e p a r a t i o n  of Vinyldimethylaminodimethylsilane ( V I I I )  

F re sh ly  d i s t i l l e d  vinyldimethylchlorosilane, 50 grams, 0. G mo 2 )  
was added t o  an excess  of anhydrous dimethylemine fol lowing the  
p rev ious ly  desc r ibed  aminat ion procedures.  
by f r a c t i o z a l  d i s t i l l a t i o n  i n  73 percent  y i e l d  a s  a c o l o r l e s s  o i l ,  
b o i l i n g  p o i n t  105-106°C/760 t o r r .  

The product  was recovered 

Analyses Calcu la ted  f o r  C6H15NSi: N,  10.85%; S i ,  21.7%. 
Found: N,  11.22%; S i ,  21.9%. 

P r e p a r a t i o n  of Dimethylaminodime t h y l s i l a n e  (IX) 

D i m e  t h y l c h l o r o s i l a n e  , 103 grams, 1.0 moles , was added dropwise t o  
excess  anhydrous dime thylamine in e t h e r  fo l lowing  p rev ious ly  desc r ibed  
aminat ion  procedures .  
d i s t i l l a t i o n  i n  86 percent  y i e l d ,  b o i l i n g  p o i n t  65-66'C/760 t o r r .  

Compound'(1X) was recovered by f r a c t i o n a l  

Analyses Calcu la ted  f o r  C4H13NSi: N, 11.88%; S i ,  27.72%. 
Found: N, 10.92%; Si, 27.55%. 

P rkpa ra t ion  of 1,4-Bis (hydroxydime thy l s i ly1 )benzene  (X) 

Compound (X) was prepared according t o  the  method of Sveda ( r e f .  2) 
i n  75 p e r c e n t  y i e l d  a s  whi te  crystals,  me l t ing  p o i n t  135-136"CY l i t e r a t u r e  
m e l t i n g  p o i n t  135OC ( r e f .  2). 
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Analyses Calculated for C10H1802Si2: C, 53.09%; H, 7.96%; 
Si, 24.80%. Found: C, 52,.3%; H, 8.24%; Si, 24.78%. 

Preparation of 1,5-Bis (E-allylpheny1)hexame thyltrisiloxane (XI) 

To bis(dimethy1amino)dimethylsilane (IV), 5.07 grams, 0.0347 mole, 
was added dropwise E-allylphenyldimethylsilanol (11), 20 grams, 0.104 
mole, which was stirred under nitrogen at room temperature. 
purge streamwas bubbled into a known volume and normality of aqueous 
HC1. No exotherm was detected at 25OC and the reaction temperature was 
slowly increased to 5OoC, where dimethylamine began to evolve. 
reaction temperature was held for one hour at 5OoC, 75OC, and 100°C, 
successively, The pressure was reduced to 30-35 torr during the last 
hour. 
solution with standard base, indicated that the condensation was 95.5 
percent complete. The crude liquid condensation product was neutral 
to wet pH paper and had a light straw color. 
still resulted in a pale yellow oil in 85 percent yield, boiling point 
146-151°C/10'3 torr. 

The nitrogen 

The 

Calculation of the amine evolved, by back titration of the acid 

Distillation in a molecular 

Analyses Calculated for C24E3&Si3: C, 65.45%; H, 8.18%; 
Si, 19.09%. Found: C, 66.79%; H, 8.70%; Si, 19.25%. 

Calculated Molecular Weight: 440. Found (VPO) : 429 

Preparation of 1,7-Bis (E-allylphenyl)octamethyltetrasiloxane (XII) 

To 1,3-bis(dimethylamino) tetramethyldisiloxane (V), 5 grams, 0.023 
mole, was added E-allylphenyldimethylsilanol (11), 8.83 grams, 0.047 
mole, using the procedure described for compound (VIII). The crucle 
yield was 94 percent, determined by amine titration. The product was 
recovered in 84 percent yield by molecular distillation, boiling point 
168°C/10-3 torr. 

Analyses Calculated for C261++203si : C, 6070%; H, 8.17%; 
Si, 21.79%. Found: C, 61.35%; H, 8.50k; Si, 21.43%. 

Preparation of 1,9-Bis(~-allylphenyl)decamethylpentasiloxane ( X I I I )  

To 1,5-bis(dimethylamino)hexamethyltrisiloxane, (VI), 5 grams, 
0.017 mole, was added E-allylphenyldimethylsilanol (II), 6.53 grams, 
0.035 mole, using the procedure outlined f o r  compound (VIII). The 
crude yield was 95 percent, determined by amine titration. The product 
was recovered by molecular distillation in 82 percent yield as a pale 
yellow oil, boiling point 174-179°C/10'3 torr. 

Analyses Calculated for C28H4804Si : c ,  57.14%; H, 8.16%; si, 
23.81%. Found: C, 56.82%; H, 8.05%; s z , 23.65%. 
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Pre-paration of Methyl-tris(E-allylphenyldimethylsiloxy)silane (XIV) 

To methyl-tris(dimethy1amino)silane (VII), 6.05 grams, 0.0346 mole, 
was added 2-allylphenyldimethylsilanol (11), 20 grams, 0.104 mole, 
following the procedures described previously. A crude yield of 93 
percent was obtained as indicated by amine titration. Compound (XIV) 
was recovered in 80 percent yield by molecular distillation, boiling 
point 165-170°C/10'4 torr. 

Analyses Calculated for C34H48O3Si4: C, 66.23%; H, 7.79%; Si, 
18.18%. Found: C, 65.82%; H, 5.33%; Si, 19.35%. 

Calculated Molecular Weight: 616. Found (VPO): 602. 

Preparation of 1,4-Bis((~-allylphenyldimethylsiloxy)dimethylsilyl)benzene (XV) 

1,4-Bis(hydroxydimethylsilylbenzene (X), 10.3 grams, 0.045 mole, 
was recrystallized to a constant melting point from toluene/petroleum 
ether and added as an ether solution to E-allylphenyldimethylamino- 
dimethylsilane (111), 20 grams, 0,0913 mole, at 25'C. A continuous 
evolution of amine was observed throughout the addition. The mixture 
was subsequently heated to 50'C for 1/2-hour to remove ether and at 
75OC for 1/2-hour under aspirator vacuum. 
compound (XV) was recovered as indicated by amine titration. Molecular 
distillation of the crude product produced an 83 percent yield of light 
yellow oil, 'boiling point 154-159°C/5x10'4 torr. 

A 96 percent yield of crude 

Analyses Calculated for C3*H @Si : C, 66.90%; H, 8.01%; Si, 
19.517;. Found: C ,  65.85%; H, 7.82%; St, 1_9,62%. 

Calculated Molecular Weight: 574. Found: 565. 

Preparation o f 1,4 -B i s ( (viny Id ime thy1 s i loxy ) d ime thy 1 s i ly 1) benzene (XV I) 

1,4-Bis(hydroxydimethylsilyl)benzene (X), 17.5 grams, .0.0775 mole, 
was added to vinyldimethylaminodimethylsilane (VIII), 20 grams, 0.155 
mole, following the procedures previously described for compound (XV) . 
Fractional distillation of the crude product resulted in an 81 percent 
yield of colorless oil, boiling point 110-113°C/0.1 torr. 

Analyses Calculated for C@34@Si4:, C, 54.82%; H, 8.63%; Si, 
28.42%. .Found: C, 54.21%; H, 9.40%; Si, 28.88%. 

Calculated Molecular Weight: 394. Found: 388. 
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P r e p a r a t i o n  of 1,4-Bis(dimethylsiloxy)dimethylsilyl)benzene (XVII) 

1,4-Bis(hydroxydimethylsilyl)benzene (X), 10 grams, 0.044 mole, 
was added t o  dimethylaminodimethylsilane ( IX),  8 .9  grams, 0.089 mole, 
fo l lowing  the procedures  o u t l i n e d  f o r  compound (XV). 
was recovered i n  92 pe rcen t  y i e l d  by f r a c t i o n a l  d i s t i l l a t i o n ,  b o i l i n g  
p o i n t  95-96"C/5 t o r r .  

The crude product  

Analyses Calcu la ted  f o r  C14H3002Si : C ,  49.12%; 13, 8.77%; Si, 
32.75%. Found: C ,  43.50%; H, 3.95%; S?, 31.9%. 

Calcu la ted  Molecular Weight: 342. Found (VPO) : 350. 

The epoxida t ion  procedures  u t i l i z e d  t o  prepare compounds ( X V I I I )  
through (XXIII) cons i s t ed  of a s l i g h t  mod i f i ca t ion  of the  procedure 
of Eisch  e t . a l .  ( r e f .  5 ) .  Oxirane e q u i v a l e n t s  f o r  compounds ( X V I I I )  
through (XXIV)  were determined by the  hydrobromic ac id  method. The 
concent ra ted  hydrogen peroxide ( S h e l l  Chemical Company) was determined 
t o  be 89.5 percent  a c t i v e  by the permanganate method. The carbonate  
acid-scavengers  were ground f o r  s e v e r a l  hours  i n  a b a l l  m i l l  and d r i e d  
over  phosphorus pentoxide a t  1OO0C/5 t o r r  overn ight .  

P r e p a r a t i o n  of ~,5-Bis(~-(2,3-epoxypropyl)phenyl)hexamethyltrisiloxane (XVIII) 

A mixture of C9,5 pe rcen t  hydrogen peroxide ,  1.74 grams, 0.0456 
mole, and 25 m l .  of  methylene c h l o r i d e  was cooled t o  0-5OC. To t h i s  
s t i r r e d  mixture was added t r i f l u o r o a c e t i c  anhydride,  11.8 grams, 0.0562 
mole, dropwise, while  main ta in ing  the  temperature  a t  0-5OC. 
was allowed t o  s t i r  an a d d i t i o n a l  15 minutes  fo l lowing  the  a d d i t i o n .  
The co ld  t r i f l u o r o p e r a c e t i c  ac id  thus  prepared was added dropwise t o  
a s t i r r e d  mixture of compound (XI) ,  5.0 grams, 0.0114 mole, f i n e l y  d iv ided  
anhydrous sodium carbonate ,  9.5 grams, 0.089 mole, and 100 m l .  of methylene 
c h l o r i d e .  The r e a c t i o n  mixture  was allowed t o  r e f l u x  due t o  exotherm 
while  the  add i t ion  was c a r r i e d  o u t  over the per iod  of one hour .  The 
carbonate  was removed by f i l t r a t i o n  and the f i l t r a t e  was t r e a t e d  wi th  
an a d d i t i o n a l  9.5 grams of sodium carbonate  a t  25OC f o r  15 minutes .  I 
The crude epoxide was recovered and molecular  d i s t i l l a t i o n  produced 
3.5 grams (70 p e r c e n t ) ,  of  pa l e  yellow o i l ,  b o i l i n g  p o i n t  163-168*C/ 
10-3 t o r r .  

The mixture  

Analyses Calcu la ted  f o r  C241-13604Si8: C ,  61.02%; 14, 7.63%; s i ,  
17.30%. Found: C ,  60.1%; H,  7.40%; S i ,  17.90%. 

Calcu la ted  epoxide equivalent :  weight :  236. Found: 245. 
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P r e p a r a t i o n  of 1,5-Bis(~-(2,3-epoxypropyl)phenyl)octamethyltetrasiloxane(XIX) 

The p r e p a r a t i o n  of  compound (XIX)  followed the  g e n e r a l  procedure 
descr ibed  f o r  compound (XVIII). The r e a c t a n t  propor t ions  u t i l i z e d  were 
the fol lowing:  
1.48 grams, 0.0389 mole; t r i f l u o r o a c e t i c  anhydride,  10.06 grams, 0.0479 
mole; and sodium carbonate ,  7.62 grams, 0.0719 mole. P u r i f i c a t i o n  by 
molecular  d i s t i l l a t i o n  y ie lded  3.9 grams (78 p e r c e n t )  of pa l e  yellow o i l ,  
b o i l i n g  p o i n t  182-187°C/10'3 t o r r .  

Compound ( X I I ) ,  5 grams, 0.0097 mole; hydrogen peroxide,  

Analyses Calcu la ted  f o r  C26H4205Si4: C y  57.14%; H ,  7.69%; S i ,  20.51%. 
Found: C y  56.80%; H ,  7.51%; S i ,  20.94L. 

Calcu la ted  epoxide e q u i v a l e n t :  273. Found: 281. 

P r e p a r a t i o n  of  1,9-Bis(~-(2,3-epoxypropyl)phenyl)decamethylpentasiloxane (XX) 

This  p r e p a r a t i o n  followed the g e n e r a l  procedure descr ibed  f o r  
compound ( X V I I I ) .  
Compound ( X I I I ) ,  5 grams, 0,0085 mole; hydrogen peroxide,  1.29 grams, 
0.0340 mole; t r i f l u o r o a c e t i c  anhydride,  8.80 grams, 0.0419 mole; sodium 
carbonate ,  6.65 grams, 0.0628 mole. P u r i f i c a t i o n  by molecular  d i s t i l l a t i o n  
y i e l d e d  4 . 1  grams (82 percent )  of a p a l e  yellow o i l ,  b o i l i n g  p o i n t  
19 1 - 196' C / 

The r e a c t a n t  propor t ions  u t i l i z e d  were the  fol lowing:  

t o r r  . 
Analyses Calcu la ted  f o r  C2gI-&oO@i5: C y  54.19%; H,  7.74%; S i ,  

22.58%. Found: C y  53.50%;' H ,  7.05%; S i ,  23.20%. 

Calcu la ted  epoxide e q u i v a l e n t  weight :  3iO. Found: 319. 

P r e p a r a t i o n  o f  Tris(~-(2,3-epoxypropyl)phenyldimethylsiloxy)methylsilane (XXI) 

The p r e p a r a t i o n  of compound (XI I I )  followed the  g e n e r a l  procedure 
d e s c r i b e d  f o r  compound ( X V I I I )  . The s t o i c h i o m e t r i c  p r o p o r t i o n s  of 
r e a c t a n t s  u t i l i z e d  t o  prepare compound (XXI) c o n s i s t e d  of compound (XIV), 
5 grams, 0.0075 mole; hydrogen peroxide,  1.53 grams, 0.045 mole; t r i -  
f . l u o r o a c e t i c  anhydride,  11.22 grams, 0.055 mole; sodium carbonate ,  
9 .21 grams, 0.OC7mole. The crude epoxide was p u r i f i e d  by molecular  
d i s t i l l a t i o n  t o  y i e l d  3.4 grams (68 p e r c e n t )  of  p a l e  yellow o i l ,  b o i l i n g  
p o i n t  201-206°C/10'4 t o r r .  

Analyses Calcu la ted  f o r  C34H4806si4: C y  61.44%; H, 7.23%; S i ,  
16.87%. Found: C y  60.80%; 3, 7.59%; Si, ??.?e%. 

Calcula ted  epoxide e q u i v a l e n t  weight:  332. Found: 339. 
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P r e p a r a t i o n  of  1,4-Bis ( (2- (2,3-epoxypropyl)phenyldime t h y l s  i l o x y )  dime t h y l s  i l y l )  - 
benzene (XXII) 

Compound (XXII) was prepared by t h e  g e n e r a l  procedure descr ibed  
f o r  p r e p a r a t i o n  of compound (XVIII). The r e a c t a n t  propor t ions  u t i l i z e d  
t o  prepare  compound (XXII) c o n s i s t e d  of  compound (XV), 5 grams, 0.00825 
mole; hydrogen peroxide,  1.12 grams, 0.033 mole; t r i f l u o r o a c e t i c  anhydride,  
8 .21  grams, 0.041 mole; sodium carbonate ,  6.89 grams, 0.065 mole. Compound 
(XXII) was puri 'fied by molecular  d i s t i l l a t i o n  t o  y i e l d  3.7 grams (74 percent )  
of p a l e  yellow o i l ,  b o i l i n g  p o i n t  187-192°C/10-4 t o r r .  

Analyses Calcu la ted  f o r  C32134604Si4: C ,  63.37%; H,  7.59%; S i ,  18.48%. 
Found: C ,  64.1%; H,  7.40%; S i ,  19.96%. 

Calculated epoxide e q u i v a l e n t  weight:  303. Found: 308. 

P r e p a r a t i o n  of 1,4-Bis((epoxyethyldimethylsiloxy)dimethylsilyl)benzene (XXIII) 

Hydrogen peroxide,  89.5 percent ,  1 - 7 6  grams, 0,0519 mole, was t r e a t e d  
w i t h  t r i f l u o r o a c e t i c  anhydride,  10.83 grams, 0.0516 mole, under c o n d i t i o n s  
p r e v i o u s l y  descr ibed .  The c o l d  perac id  thus prepared was added dropwise 
t o  a s t i r r e d  mixture of compound (XVI), 5 grams, 0.0117 mole; anhydrous 
potassium carbonate ,  8.1 grams, 0.0585 mole; and LOO m l .  of methylene 
c h l o r i d e ,  which was maintained a t  5OC. The perac id  a d d i t i o n  was c a r r i e d  
o u t  over a period of  1/2-hour,  a f t e r  which the  mixture  was q u i c k l y  
f i l t e r e d  and the  f i l t r a t e  was t r e a t e d  w i t h  an a d d i t i o n a l  8.1 grams of 
potassium carbonate .  The mixture  was allowed t o  warm t o  25°C and t h e  
carbonate  t reatment  was d iscont inued  when t h e  s u p e r n a t a n t  l i q u i d  gave 
a n e u t r a l  r e a c t i o n  t o  pH paper.  
t o  give  4.3 grams (CG p e r c e n t )  of c o l o r l e s s  o i l ,  b o i l i n g  p o i n t  125-127OC/ 
5x10'2 t o r r .  

The r e s i d u e  was f r a c t i o n a l l y  d i s t i l l e d  

Analyses Calcu la ted  f o r  C18H340 S i4 :  C ,  50.70%; H ,  7.98%; S i ,  26.29%. 
Found: C ,  52.00%; H, 7.90%; S i ,  26.20%. 

Calculated epoxide e q u i v a l e n t  weight :  213. Found: 218. 

P r e p a r a t i o n  o f 1,4-Bis ( (3,4.-epoxybu t y l d  ime t h y 1  s i l o x y )  d ime t h y l s  i l y  1) benzene (XXIV) 

A f r e s h l y  d i s t i l l e d  sample of 1,4-bis(dimethylsiloxy)dimethylsilyl)- 
benzene (XVII), 13.8 grams, 0,0403 mole, was added dropwise t o  a s t i r r e d  
mixture  of f r e s h l y  d i s t i l l e d  excess 3,4-epoxy-l-butene and one m l .  of 
c h l o r o p l a t i n i c  a c i d  i n  acetone.  The c a t a l y s t  s o l u t i o n  was prepared 
by d i s s o l v i n g  0 .01  gram of  c h l o r o p l a t i n i c  a c i d  i n  10 m l .  o f  ace tone .  
The r e a c t i o n  mixture was s t i r r e d  a t  70-75OC under n i t r o g e n  throughout  
the a d d i t i o n  period o f  1-1/2 hours .  
was t r e a t e d  with 0 .5  m l .  of c a t a l y s t  s o l u t i o n  and s t i r r e d  f o r  a n  

Following t h e  a d d i t i o n ,  t h e  mixture  
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additional 1/2-hour at 70-75'C. 
overnight. The mixture was dissolved in 50 ml. of methylene chloride, 
and treated successively with 0.1 gram of sodium bicarbonate, and 
filtered through basic alumina. The product was recovered by fractional 
distillation in 70 percent yield as a colorless oil, boiling point 
137-14OoC/5x10'3 torr. 

It was then stirred at room temperature 

Analyses Calculated for C22H4204Si4: Cy 54.77%; H, 8.71%; Si, 
23.24%. Found: Cy 53.80%; H, 8.41%; Si, 23.54%. 

Calculated epoxide equivalent weight: 241. Found: 248. 

Preparation of Bis(2-aminophenoxy)dimethylsilane (XXV) 

Bis(dimethy1amino)dimethylsilane (IV), 10 grams, 0.0685 mole, was 
added dropwise to a refluxing solution of freshly sublimed E-aminophenol, 
14.93 grams, 0.137 mole., in benzene. The reaction mixture was heated 
at benzene reflux for one-hour following the addition. The crude 
product 7:Jas recrystallized from benzene/petroleum ether in 60 percent 
yield, as amber crystals, melting point 62-63OC, literature melting 
point 63OC (ref. 6). 

Analyses Calculated f o r  C1,$H18N,02Si: C, 46.03%; H, 6.57%; 
N, 10.22%; Si, 10.22%. Found: C, 45.22%; H, 6.65%; N, 10.05%; Si, 10.95%. 

Preparation of 1,3-Bis(~-aminophenoxy)tetramethyldisiloxane (XXVI) 

1,3-Bis(dimethylamino)tetramethyldisiloxane (V), 10 grams, 0.045 
mole, was added to paminophenol 9.9 grams, 0.0908 mole, following 
the procedure outlined for compound (XXV). The crude product distilled 
as an amber oil at 175-18O0C/O.18 torr. 

Analyses Calculated for C16H24N20,Si,: C, 55.17%; H, 6.89%; N ,  8.04%; 
Si, 16.09%. Found: C, 54.44%; H, 6.21%; N, 7.49%; Si, 16.32%. 

Preparation of 1,5-Bis(~-aminophenoxy)hexamethyltrisiloxane (XXVII) 

1,5-Bis(dimethylamino)hexamethyltrisiloxane (VI), 10 grams, 0.0226 
mole, was added to E-aminophenol, 4.93 grams, 0.0452 mole, following 
the procedure outlined for compound (XXV). The crude product distilled 
as an amber oil at 215-22OoC/0.2 torr. 

Lnalyses Calculated for C13H30N,O4Si3: C, 48.87%; 13, 6.79%; Si, 
19.00%; N, 6.33%. Found: Cy 47.90%; 13, 6.92%; Si, 19.25%; N, 6.21%. 
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CONCLUSIONS 

Polymers having a v i d e  range of e l e c t r i c a l  p r o p e r t i e s  and mechanical 
toughness were obta ined  through v a r i o u s  combinations of t he  in t e rmed ia t e s  
i n  Table I. A t rend  toward lower d i e l e c t r i c  cons t an t s  t o  a minimum of 
3.1 was observed wi th  success ive ly  longer  blocks of t he  s i l oxane  moiety,  
with some s a c r i f i c e  i n  mechanical s t r e n g t h  o r  toughness.  The t r i f u n c t i o n a l  
epoxide (XXI) would be appropr i a t e  f o r  a p p l i c a t i o n s  r e q u i r i n g  h igh  
modulus embedments whereas the  h i g h l y  f l e x i b l e  diepoxide (XX) would 
provide a lover  s t r e n g t h ,  f l e x i b l e  embedment. Compound (XXII), having 
both  the  s i lphenylene  and s i loxane  l i nkages ,  r e s u l t e d  i n  a polymer wi th  
the  b e s t  balance of  p r o p e r t i e s  with a d i e l e c t r i c  cons t an t  of 3 . 2  and a 
h igh  degree  of mechanical toughness.  Formulations 1, 2 ,  3 ,  and 5 ,  
l i s t e d  i n  Table I, were q u a l i t a t i v e l y  determined by f l e x i n g  t o  be s t i f f  
b u t  n o n - b r i t t l e  a t  -50°C. 

The e f f e c t s  of i n c r e a s i n g  the l eng th  of  the  s i l oxane  blocks w i t h i n  
the diamine c r o s s l i n k i n g  agen t s  appa ren t ly  r e s u l t e d  i n  a downward t rend  
i n  d i e l e c t r i c  cons t an t  a s  i nd ica t ed  i n  Table I1 f o r  formula t ions  1, 9 ,  
and 10; however, t h i s  t rend  should be considered only  i n  a g e n e r a l  
sense due t o  the  r e l a t i v e l y  smal l  changes observed i n  the d i e l e c t r i c  
cons t an t s .  

I n  view of  the promising d i e l e c t r i c  p r o p e r t i e s  and p r o c e s s a b i l i t y  
of t h i s  s e r i e s  of polymers a s  embedment m a t e r i a l s ,  f u r t h e r  e f f o r t s  w i l l  
be expended t o  prepare l a r g e  q u a n t i t i e s  of  s e l e c t e d  i n t e r m e d i a t e s ,  
p r i n c i p a l l y  (XVIII),  (XIX), (XX), ( X X I ) ,  and (XXII), t o  al low d e t a i l e d  
e v a l u a t i o n  of the  e l e c t r i c a l ,  mechanical ,  and thermal p r o p e r t i e s  of 
polymers produced from these  in t e rmed ia t e s .  
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APPENDIX A 

INFRARED SPECTRA 
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F I G U R E  1.- INFRARED SPECTRUM O F  pALLYLPHENYLDIMETHYLSILANOL (11) 

F I G U R E  2 .  - I N F R A R E D  SPECTRUM OF 

E-ALLYLPHENYL-N ,N-DIMETMYLAMINODIMETHYLSILANE (111). 
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F I G U R E  3.- INFRARED SPECTRUM OF BIS(DIMETHYLAMIN0)DIMETHYLSILANE ( I V ) .  

F I G U R E  4 . -  INFRARED SPECTRUM O F  

1 ,3-BIS (DIMETHYLAMIN0)TETRAMETHYLDISILOXANE (V)  . 
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FIGURE 5.- INFRARED SPECTRUM OF 

1,5-BIS(DIMETHYLAMINO)HEXAMETHYLTRISILOXANE (VI). 

FIGURE 6, - INFRARED SPECTRUM OF METHYL-TRIS (D1kBTHYLAMINO)SIUNE ( V I I )  . 
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F I G U R E  7 . -  INFRARED SPECTRUM OF 

VINYLDIMETHYL-N,N-DIMETHYLAMINOSILANE ( V I I I ) .  

F I G U R E  8.- INFRARED SPECTRUM OF DIMITHYL-N,N-DIMETHYLAMINOSILANE (IX). 
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FIGURE 9. - INFRARED SPECTRUM OF 1,4-BIS (HYDR0XYDIMETHYLSILYL)BENZENE (X) 

FIGURE 10.- INFRARED SPECTRUM OF 

~,~-BIS(E-ALLYLPHENYL)-HEXAMETHYLTRISILOXANE (XI). 
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F I G U R E  11. - INFRARED SPECTRUM O F  
L,~-BIS(E-ALLYLPHENYL)OCTAMETHYLTETMSILOXANE ( X I I ) .  

- 
700 

4000 3000 2000 1500 1200 1000 900 800 
.CM’ 

- 
700 

F I G U R E  12.- INFRARED SPECTRUM OF 

1 , g - B I S  (E-ALLYLPHENYL)DECAMTHYLPENTASILOXANE ( X I I I )  , 
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F I G U R E  13.- INFRARED SPECTRUM O F  
METHYL-TRIS(2-ALLYLPHENYLDIMETHYLSIL0XY)SILANE (XIV). 

F I G U R E  I4 . -  TNFRARED SPECTRUM OF 

1 , ~ - B I S  [(E-ALLYLPHENYLDIMETHYLSILOXY)DIMETHYLSILY~ BENZENE 

3 2  



4000 3000 2000 1500 CM-' 1000 900 800 700 

FIGITRE 1 . 5 , -  INFRARED SPECTRUM OF 
i,4 -B IS ~VINYLDIMETIIYLS ILOXY) DIMETHYLS ILY Cj BENZENE (XVI . 
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FIGURE 16.- INFRARED SPECTRUM O F  

1, GBIS BDIMETHYLSILOXY)DIMETHYLSILYL) BENZENE (XVII) a 
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F I G U R E  17.- INFRARED SPECTRUM O F  

~ , ~ - B ~ S ( E - ( ~ , ~ - E P O X Y P R O P Y L ) P H E N Y L ) H E X A M E  (XVIII). 

F I G U R E  18.- INFRARED SPECTRUM OF 

1 , 7 - B I S ( ~ - ( 2 , 3 - E P O X Y P R O P Y L ) P H E N Y L ) O C T A M E  (XIX) . 
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FIGURE 19.- INFRARED SPECTRUM O F  

1 , 9 - B I S ( ~ - ( 2 , 3 - E P O X Y P R O P Y L ) P H E N Y L ) D E C A M A N E  (XX). 
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FTGURE 20.- INFRARED SPECTRUM OF 

METIIYLTRIS(~-(~,~-EPOXYPROPYL)PI-IENLDIMETHYLSILOXY)SIL (XXI)  . 
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FIGURE 21.- INFRARED SPECTRUM OF 

1 , 4  -BIS ( (e- (2 ,3  -EPOXY PROPYL) PHE NYLD IMETHYLS ILOXY) DIMETHYLS ILY L) BENZENE ( X X I I )  a 

FIGURE 2 2 . -  INFRARED SPECTRUM OF 

1,4-BIS((EPOXYETHYLDIMETHYLSILOXY)DIMETHYLSILYL)BENZE~ 

700 

(XXIII). 
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F I G U R E  23.- INFRARED SPECTRLW OF 

1,Lt-BIS ( (3,4-EPOXYBUTYLDIMETHYLSILOXY)DIMET~IYLSILYL)BENZENE (XXIV)  . 
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F I G U R E  24. -  INFRARED SPECTRUM O F  BIS(2-AMINOPHEN0XY)DIMETHYLSIUNE (XXV). 
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F I G U R E  25.-  INFRARED SPECTR'LrM OF 
1,3-BIS(~-AMINOPHENOXY)TETRAMETHYLDISILOXANE ( X X V I )  . 

F I G U R E  2 6 . -  INFRARED SPECTRUM O F  
~,~-BIS(E-AMINOPHENOXY)HEXAMETHYLTRISILOXA~ ( X X V I I )  . 
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